Brain maturation across childhood and adolescence is characterized by cortical thickness (CT) and volume contraction, and early expansion of surface area (SA). These processes occur asynchronously across the cortical surface, with functional, topographic, and network-based organizing principles proposed to account for developmental patterns. Characterizing regions undergoing synchronized development can help determine whether "maturational networks" overlap with well-described functional networks, and whether they are targeted by neurodevelopmental and psychiatric disorders. In the present study, we modeled changes with age in CT, SA, and volume from 335 typically developing subjects in the NIH MRI study of normal brain development, with 262 followed longitudinally for a total of 724 scans. Vertices showing similar maturation between 5 and 22 years were grouped together using data-driven clustering. Patterns of CT development distinguished sensory and motor regions from association regions, and were vastly different from SA patterns, which separated anterior from posterior regions. Developmental modules showed little similarity to networks derived from resting-state functional connectivity. Our findings present a novel perspective on maturational changes across the cortex, showing that several proposed organizing principles of cortical development co-exist, albeit in different structural parameters, and enable visualization of developmental trends occurring in parallel at remote cortical sites.
Introduction
During childhood and adolescence, the human cerebral cortex undergoes dramatic changes. Large magnetic resonance imaging (MRI) datasets (Evans 2006; Satterthwaite et al. 2014; Zhou et al. 2015) , some with longitudinal measurements, have enabled detailed descriptions of cortical maturational trajectories (Brain Development Cooperative Group 2012) . While some clear and consistent patterns have emerged from this work, for example widespread cortical thinning in adolescence, several controversies remain in the characterization of developmental trajectories and their organizing principles.
For example, while it is generally agreed that cortical thickness (CT) expands in early childhood (birth to 2 years; Lyall et al. 2015) , and contracts in adolescence, the estimated age of peak CT has differed across studies (Shaw et al. 2008; Brown et al. 2012; Mutlu et al. 2013; Wierenga et al. 2014) . Reported developmental patterns in surface area (SA) are also inconsistent, with some work showing very limited changes in SA (Burgaleta et al. 2014) , SA decreases as the cortex flattens in adolescence (Alemán-Gómez et al. 2013) , or increases in childhood (Lyall et al. 2015) followed by stabilization or moderate decline in adolescence (Shaw et al. 2008; Brown et al. 2012; Wierenga et al. 2014; Schnack et al. 2015) .
One point of consistency is that the development of CT, SA, and volume is asynchronous across the cortex, with regional variation in rates of change (Gogtay et al. 2004; Sowell et al. 2004; Lenroot et al. 2007; Shaw et al. 2008; Vandekar et al. 2015; Zhou et al. 2015) . The organization of this regional variability has been described in various ways. Several studies have suggested a correspondence between regional development and functional neuroanatomy (Sowell et al. 2004 ), or that regions with different cytoarchitectonic composition show different developmental trajectories (Shaw et al. 2008 ). An earlier maturation of sensory, motor, and limbic regions, relative to association regions, has also been observed (Gogtay et al. 2004; Shaw et al. 2008) . The prefrontal cortex has been noted to mature in a posterior-to-anterior pattern (Gogtay et al. 2004) , and steeper volumetric declines have been shown in parietal and occipital regions (Brain Development Cooperative Group 2012), suggesting a maturational distinction between posterior and anterior brain regions. Topology may also play a role, that is, a partial separation of developmental processes in gyri and sulci has been observed, with some gyral regions showing an expansion phase followed by a contraction, a pattern not seen in sulci (Vandekar et al. 2015) . Cortical maturation patterns may also be more similar in regions that have undergone greater evolutionary expansion (Amlien et al. 2014) .
Another proposed description of heterochronous maturation is that networks of regions show synchronized development or maturational coupling (Raznahan, Lerch, et al. 2011 ; AlexanderBloch, Raznahan, et al. 2013; Alexander-Bloch et al. 2014; Bray et al. 2015; Walhovd et al. 2015) , and that these patterns resemble networks defined based on white matter or intrinsic functional connectivity (Raznahan, Lerch, et al. 2011; Alexander-Bloch, Raznahan, et al. 2013) . It has also been suggested that maturational networks resemble, and perhaps give rise to, networks of structural covariance observed at the population level (Lerch et al. 2006; Zielinski et al. 2010; Raznahan, Lerch, et al. 2011; Alexander-Bloch, Raznahan, et al. 2013) . Structural covariance networks (SCNs) have been suggested to represent organizational units that are targeted by neurodegenerative, psychiatric, and neurodevelopmental disorders Modinos et al. 2009; Seeley et al. 2009; Reid et al. 2010; Zielinski et al. 2012) .
Identifying modules of coordinated maturation may provide insights into both the organizing principles of cortical development, and possible loci of vulnerability in childhood and adolescent brain disorders . In the present study, we performed vertex-wise modeling of cortical structural development, captured with measures of CT, SA, and volume, in children and adolescents aged 5-22 years. Data-driven clustering was used to group vertices undergoing similar maturation into developmental modules, whose trajectories and spatial topography were visualized and compared, both between CT, SA, and volume, as well as to functional neuroanatomy and intrinsic connectivity networks.
Materials and Methods

Neuroimaging Data
Neuroimaging data were obtained from the US National Institutes of Health (NIH) MRI study of normal brain development (Evans 2006) . The study included 433 typically developing children and adolescents between the ages of 4 years 6 months and 18 years 3 months for the initial scan. A subset of participants were followed up once (N = 161) or twice (N = 152), up to a maximum age of 22 years and 3 months. Subjects were healthy, had no history of brain disease or trauma, and were excluded if they had an IQ of <70. T 1 -weighted images were collected on 1.5-T MRI scanners (GE or Siemens) at 6 sites: Boston Children's Hospital, Cincinnati Children's Hospital Medical Center, University of Texas Houston Medical School, Neuropsychiatric Institute and Hospital, UCLA, Children's Hospital of Philadelphia, and Washington University, St Louis. Parameters for wholebrain T 1 -weighted acquisitions were standardized across sites: 3D radiofrequency-spoiled gradient echo, time repetition = 22-25 ms, time echo = 10-11 ms, sagittal acquisition, field of view = anterior-posterior 256 left-right 160-180, 1 mm 3 resolution except on GE scanners on which thickness was increased to about 1.5 mm to obtain whole-head coverage as the maximum number of slices was 124 (Evans 2006) . A fall-back MR protocol of 3 mm 3 resolution was used if participants could not tolerate the length of the initial scanning protocol. Supplementary Table 1 details participant characteristics for each voxel size; we note that only 2 participants in our final sample were scanned at 3 mm 3 and they were not at the youngest extreme of our sample.
Supplementary Table 2 provides additional details about imaging parameters for each site and scanner.
Image Processing
T 1 -weighted images were processed through the longitudinal processing pipeline (Reuter et al. 2012) in FreeSurfer (version 5.3.0, http://surfer.nmr.mgh.harvard.edu/, last accessed November 27, 2015) in order to obtain measures of CT, SA, and volume at 40 962 cortical vertices per hemisphere. Briefly, registration is used to create an unbiased within-subject template space and image for each subject (Reuter et al. 2010) , thereby improving standard processing pipeline steps of skull stripping , atlas registration and transformation (Fischl et al. 2002 , as well as surface tessellation (Fischl et al. 2001) , automated topology correction (Ségonne et al. 2007) , and deformation in order to optimize the location of gray/white and gray/ cerebrospinal fluid boundaries (Dale et al. 1999; Fischl and Dale 2000) . Segmentations were individually inspected for irregularities in the identification of white matter and pial surfaces. Boundaries were manually adjusted before the longitudinal processing steps. If manual repairs were ineffective at correcting the representation of cortical surfaces, subjects were removed from further processing. After quality control, 335 subjects with a total of 724 scans (73 with 1 scan, 135 with 2 scans, and 127 with 3 scans) and a mean follow-up duration of 2 years were included in analyses reported here ( Fig. 1 and Table 1 ). CT was calculated as the shortest distance between the white and pial surfaces at each vertex. SA was calculated as the area of the triangles at the pial surface touching each vertex in the tessellated surface representation. Volume was calculated as each vertex's CT multiplied by SA at the midway point between the white and pial surfaces. Measures of cortical structure were smoothed on the surface with a 10-mm full-width at half-maximum Gaussian kernel.
Modeling Developmental Change
The goal of this analysis was to identify sets of vertices that showed similar rates of change with age in CT, SA, and volume. An overview of the analysis pipeline is illustrated in Figure 2 . The general approach was to obtain estimates of the annual rate of change in each parameter over a range of ages, in 6-month increments, and use these as features with which to cluster vertices. An estimating rate of change at different ages is similar to the "moving average" approach recently employed in Zhou et al. (2015) . This approach was preferred over fitting a polynomial or spline function and obtaining the value of the first derivative at several points along the curve, because it is the most direct way of obtaining the features of interest and because of inconsistencies in previous literature around the shape of fitted CT curves (inverse U or monotonically decreasing; Shaw et al. 2008; Brown et al. 2012) . Four-year age bins achieved a tradeoff between including a sufficient number of longitudinal samples in each bin (20-50) while modeling change in an age range that could reasonably be considered linear (bin widths of 3 and 5 years were also tested with similar results shown in Supplementary Figs 1 and  2 ). This method generated a set of features representing cortical development, which could then be clustered as described below. We divided our sample into 26 overlapping 4-year age bins starting at 5-9 years (including 2 subjects younger than 5) and increasing in half-year intervals up to 17.5-21.5 years (including 5 subjects older than 21.5; i.e., 5-9, 5.5-9.5, 6-10, 6.5-10.5, up to, 17.5-21 .5 years). The corresponding age for each bin was calculated as the middle of the age range for the bin. The minimum and maximum number of single, double, or triple scan subjects in the bins was 34/141, 20/71, or 0/6, respectively ( Supplementary  Fig. 3 ). Linear mixed-effects models were run (using lme4 in R; Bates et al. 2015) at each vertex for CT, SA, and volume separately to estimate the developmental change in the localized 4-year time bins. Our model included nuisance regressors for sex (Im et al. 2006; Sowell et al. 2007 ). While Freesurfer measures have been shown to be reliable across field strengths and scanners (Han et al. 2006; Jovicich et al. 2006; Reuter et al. 2012) , the effects of image resolution and scanner were regressed out of the developmental models to limit their impact on model estimation.
Clustering to Identify Developmental Modules
Next, vertices that underwent similar rates of change throughout childhood and adolescence in each parameter were grouped together into clusters (or developmental modules). Estimates of the age-slope at each vertex in each bin were entered into a Note: Socio-economic status (SES) is based on family income after adjustment for cost of living in a specific location and family size [see Evans (2006) ]. SES income levels were categorized as follows: 1 = $0-$5000, 2 = $5001-$10 000, 3 = $10 001-$15 000, 4 = $15 001-$25 000, 5 = $25 001-$35 000, 6 = $35 001-$50 000, 7 = $50 001-$75 000, 8 = $75 001-100 000, 9 = $100 001-$150 000, 10 = >$150 000.
Bin 1 5 9 ... k-means clustering algorithm in R (Hartigan and Wong 1979; R Core Team 2015) for CT, SA, and volume separately. K-means clustering attempts to group together observations so as to minimize within cluster differences while maximizing between cluster differences (MacQueen 1967; Lloyd 1982) . We tested cluster numbers from 2 to 10. At each vertex and for each value of k, clustering was run 10 times and the best solution (defined by the lowest within cluster variability and largest between cluster variability) was chosen to represent the data. Using a silhouette metric (Rousseeuw 1987) , we found that the optimal clustering solution for all 3 parameters was k = 2 ( Supplementary Fig. 4) . A secondary aim of this study was to compare groups of regions undergoing similar developmental processes with welldescribed intrinsic functional connectivity networks (Yeo et al. 2011) , and to a previously published cortical parcellation (Alexander-Bloch et al. 2014). Therefore, we also report results for the second highest silhouette value, which was k = 4 for CT, k = 3 for SA, and k = 4 for volume ( Supplementary Fig. 4 ).
Spatial Correlations with Resting-State Functional Magnetic Resonance Imaging
Clustering results were compared with networks defined through resting-state (rs)-fMRI intrinsic functional connectivity, using a published rs-fMRI connectivity-clustering parcellation ( Fig. 3 ; Yeo et al. 2011 ). This seven-network parcellation includes visual ( pink), somatomotor (blue), dorsal attention (yellow), ventral attention (green), limbic (orange), fronto-parietal (cyan), and default mode (red) resting-state networks. Pearson correlations were performed between spatial maps of developmental modules and resting-state networks. More specifically, the cortical surface was defined by 81 924 vertices, each assigned a 1 or 0 to indicate the presence or absence of an rs-fMRI network (or structural development module). These binary vectors were correlated. We report only positive correlations in terms of effect sizes: strong (r > 0.5), medium (0.5 > r > 0.3), and weak (0.3 > r > 0.1; Cohen 1988); due to the large number of vertices, all correlations were highly significant.
Results
For each structural parameter (CT, SA, and volume), figures illustrate the spatial extent of clusters/modules and the corresponding trajectories in matching colors. Trajectory graphs show mean ageslope (that is, annual rate of change) on the y-axis and age on the x-axis; thus, data points above the zero line indicate increase with age, points below the zero line indicate decrease with age, and trajectories crossing the zero line show a peak or valley. Correlation heat maps illustrate spatial correlations between the developmental modules and intrinsic functional connectivity networks.
CT-Based Developmental Modules
Two-Cluster Solution The two-cluster solution for change in CT (Fig. 4A) divided the cortex into a limbic/sensorimotor/visual cluster (blue), as well as a frontal/cingulate/parietal "association" cluster (red). While the association (red) cluster showed a consistent decrease in thickness (negative slope), the sensorimotor (blue) cluster showed a small increase before 9 years, before thinning at a more modest rate (Fig. 4B ). Both clusters showed peak thinning at around age 13 at which point the change in thickness began to decelerate toward zero. A second minimum point was observed around 9 years of age. The sensorimotor/limbic (blue) cluster showed weak spatial overlap with visual, somatomotor, and limbic resting-state networks (Fig. 4C ). The association (red) cluster showed weak but positive overlap with the dorsal attention, fronto-parietal, and default mode rs-fMRI networks.
Four-Cluster Solution
At k = 4, the development modules divided into subcomponents (Fig. 4D) , with bilateral clusters each spanning multiple lobes. The limbic/sensorimotor/visual cluster separated into limbic/ motor (red) and sensory/visual (green). The association cluster separated into gyral (pink) and sulcal (blue) components. Most clusters showed a consistent decrease in CT across this age range with the exception of the limbic/motor cluster, which increased until around age 9 (Fig. 4E) . All clusters showed a minimum slope (strongest decrease) around age 13, and the blue cluster showed a second minimum around 9 years, similar to the k = 2 solution. Medium correlations were found between the limbic restingstate network and the orbitofrontal/temporal pole cluster, as well as between the visual network and occipital cluster (Fig. 4F ).
SA-Based Developmental Modules
Two-Cluster Solution The k = 2 solution for SA (Fig. 5A ) showed a cluster (red) covering the anterior regions of the frontal and temporal cortices as well as near the occipital pole. The second cluster (blue) included the remainder of the cortex. While the posterior (blue) cluster maintained a relatively small and stable change in SA, the anterior (red) cluster showed an SA increase until around age 13, at which point the SA change steadied around zero (Fig. 5B) . Correlating the SA-defined developmental modules with resting-state networks showed that the posterior (blue) cluster had weak correlations with the visual, somatomotor, dorsal attention, and ventral attention resting-state networks, whereas the anterior (red) cluster showed weak-to-medium correlations with the limbic, fronto-parietal, and default mode networks (Fig. 5C ).
Three-Cluster Solution
The k = 3 solution showed a striated anterior-to-posterior organization across the frontal lobe (Fig. 5D ). The anterior cluster separated into: the frontal and temporal pole (red), as well as a posterior frontal cluster that included part of the occipital pole (blue). The posterior cluster (green) included sulcal regions of rs-fMRI networks the anterior prefrontal cortex. The most anterior cluster (red) showed the largest positive change in SA, whereas the posterior frontal/temporal (blue) cluster showed more moderate early expansion (Fig. 5E ). The most posterior (green) cluster showed stable and small SA decreases in childhood and adolescence (Fig. 5E ). Spatial correlations with rs-fMRI networks were generally weak (Fig. 5F ).
Volume-Based Developmental Modules
Two-Cluster Solution The k = 2 solution for volume developmental trajectories (Fig. 6A ) was very similar to SA (Fig. 5A) . However, compared with SA, the anterior (red) cluster included regions extending further posteriorly, and anterior volume stopped increasing slightly earlier at age 11 (Fig. 6B) . The posterior cluster included sulcal regions of the frontal and temporal lobes. Spatial correlations with rs-fMRI networks were generally weak (Fig. 6C ).
Four-Cluster Solution
At k = 4, similarities to both SA and CT clusters were observed (Fig. 6D) . For example, the frontal and temporal poles formed a cluster, similar to SA ( pink). Similar to CT, the fronto-parietal cluster ( Fig. 4D -blue) splits into anterior (blue) and posterior (red) components; the posterior component also included sulci in the frontal and temporal lobes. There was additionally a somatomotor/visual cluster (green). Similar to SA, the most anterior ( pink) cluster expanded up to age 11 (Fig. 6E) . The other prefrontal cluster, in blue, showed more moderate early expansion until age 9. Posterior red and green clusters showed a moderate decline across the entire age range, with a minimum around age 14. Spatial correlations with rs-fMRI networks were generally weak, with the exception of limbic and somatomotor rs-fMRI networks, which each showed medium correlations with pink and green clusters, respectively (Fig. 6F) .
Discussion
This study describes modules of synchronized maturation in CT, SA, and volume and their overlap with intrinsic connectivity networks. Our findings support several previously reported principles of cortical development, and clarify the contribution of specific structural parameters. We found a prominent distinction between the development of sensorimotor and limbic regions, and fronto-parietal association regions, but only for CT. In contrast, SA followed an anterior-to-posterior developmental pattern. SA, CT, and volume all showed evidence for topographical effects, that is, differential maturation of sulcal and gyral regions. Despite some evidence for functionally relevant modular organization, overlap with intrinsic connectivity networks was generally weak. Functional neuroanatomy has long been suggested to play an organizing role in cortical development, for example, it has been suggested that development proceeds in a hierarchical sequence from sensory to motor and then to association cortex (Yakovlev and Lecours 1967; Greenfield 1991) . Work in macaques has shown greater overproduction and more protracted pruning of basal dendritic trees of layer III pyramidal cells in prefrontal relative to sensory regions (Elston et al. 2009 ). In previous MRI studies, cortical thickening in 5-to 11-year-old children was found to occur specifically in language regions (Sowell et al. 2004) , while most other regions showed cortical thinning. Earlier maturation of sensory and motor regions, relative to higher-order association regions, has also been reported (Gogtay et al. 2004; Shaw et al. 2008 ). Our CT results showed that sensorimotor, visual, superior and anterior temporal, and limbic regions were distinguished from frontal and parietal regions by both an early expansion, primarily in limbic regions, and more moderate thinning across this age range. Without modeling effects in children younger than 5 years, it is not clear that our results necessarily show "earlier" primary sensory and motor maturation, however, they do lend support to a developmental distinction in CT based on functional neuroanatomy. An alternative to the hierarchical model of cortical development is a synchronous one, in which maturation is concurrent across the cortex , reflecting cognitive development that requires interareal integration. Our findings may suggest a compromise wherein maturation of sensory and motor regions proceeds in parallel, albeit at a different rate from association regions.
Developmental differences between posterior and anterior cortical regions have been frequently reported, including steeper volume declines in occipital and parietal regions (Brain Development Cooperative Group 2012), posterior-to-anterior gray matter contraction in the prefrontal cortex (Gogtay et al. 2004) , and peak CT occurring earlier in posterior regions (Shaw et al. 2008) . Our results showed a posterior/anterior developmental distinction, but only for SA, where clustering found a prominent separation between anterior prefrontal regions and the remainder of the cortex, with modules forming a striated pattern across the frontal and anterior temporal cortices.
Analyses of postmortem tissue have demonstrated that gene expression in the cortex varies as a function of both brain region and age, but that inter-regional differences are particularly pronounced during the fetal and early postnatal timeframes (Kang et al. 2011 ). Peak expression of synaptic genes in the prefrontal cortex occurs around 5 years of age in humans (Liu et al. 2012) . Nonetheless, gene expression has been linked to structural and functional brain networks into adulthood (Schmitt et al. 2008; Chen et al. 2012; Richiardi et al. 2015) . Schmitt et al. (2008) used hierarchical clustering to group together regions that showed similar genetic influence on CT. At the top level, 2 large clusters were identified, one fronto-parietal and one temporo-occipital. A second study looking at SA found that clusters of regions showing a similar influence of genes on SA tended to divide the cortex into anterior and posterior components . This genetic distinction between cortically distributed CT clusters and anterior-posterior effects on SA nicely parallels the findings in the present work. Indeed, the striking differences between developmental patterns of SA and CT suggest that different cellular factors, driven by distinct genetic effects, contribute to these parallel processes. This interpretation is consistent with twin studies, which have shown that while both SA and CT are highly heritable, they appear to be under separate genetic control (Panizzon et al. 2009 ).
Consistent with the suggestion of topographical constraints on development (Vandekar et al. 2015) , developmental modules across all 3 parameters showed a preference to cluster gyri and sulci separately. Recent studies describe cortical flattening in adolescence, with widening of gyri and reduced sulcal depth (Alemán-Gómez et al. 2013; Klein et al. 2014) . Gyrification is not a random process and has been shown to be more similar in monozygotic twins than dizygotic twins or unrelated subjects (Bartley et al. 1997; Lohmann 1999) . Synchronization of cortical development may be related to topographical constraints underlying gyrification such as specific neuronal migration patterns in regions that become gyri (Kriegstein et al. 2006; Reillo et al. 2011) , mechanical tension along axons pulling densely linked regions together (Van Essen 1997), or differential growth between inner and outer cortical layers (Ronan et al. 2014 ). Cortical development across childhood and adolescence is known to involve an overproduction and subsequent pruning of synapses ) and dendritic spines (Huttenlocher 1979) that is particularly pronounced in prefrontal, relative to sensory, regions (Elston et al. 2009; Petanjek et al. 2011) , and differs between cortical layers (Petanjek et al. 2008) . As with many previous developmental studies, our finding of a steady but regionally varying decline in CT is concordant with this work. Although the late childhood, prepubertal, period has been described as a plateau in synaptic density before pronounced elimination in puberty ), a number of other processes occur during this period including myelination (Yakovlev and Lecours 1967) and pruning of dendritic spines (Petanjek et al. 2011) . The underlying cellular factors that lead to coordinated cortical development across regions are not well understood, but may reflect synchronization in synaptic tuning/pruning. Developmental synchronization between regions may occur due to mutual trophic effects in regions with underlying axonal connection (Gong et al. 2012) , or coherent neuronal activity in response to specific functional demands (Andrews et al. 1997) . White matter changes may also play a role. There is protracted myelination in the cortex into adulthood (Yakovlev and Lecours 1967; Miller et al. 2012) , and many scholars believe that this plays an important role in cognitive development (Fields 2008) . Myelination of neuropil may push the gray/white matter boundary out toward the surface (Sowell et al. 2004; Tamnes et al. 2010 ). This, however, remains contentious as some studies find a lack of coupling between thinning and superficial white matter maturation (Wu et al. 2014) , while others find changes in diffusivity to be correlated with thinning (Vandekar et al. 2015) . White matter expansion could also mechanically flatten the cortex by stretching it like a balloon causing SA expansion and CT reduction (Seldon 2005; Hogstrom et al. 2013; Tamnes et al. 2013 ). However, we find a regional mismatch where SA is stable while CT continues to decrease (e.g., in parietal lobe regions), suggesting cortical stretching does not explain structural changes in all cortical regions.
By grouping together vertices with similar rates of change, our analysis helps to summarize complex cortical developmental patterns, and potentially reconcile differences between previous trajectory descriptions. Developmental studies of CT in childhood and adolescence have described cubic trajectories with peaks around late childhood (Shaw et al. 2008; , or largely linear thinning beginning in early childhood (Brown et al. 2012; Mutlu et al. 2013; Wierenga et al. 2014) . Here, using sequential linear models, we found that most of the cortex undergoes continuous thinning after age 5, with only a small subset of prefrontal, temporal, and orbitofrontal vertices expanding in early childhood. We further found that cortical thinning accelerated in childhood before reaching a peak around age 13, similar to a recent study using an independent longitudinal dataset (Zhou et al. 2015) . Peak thinning around the age of puberty coincides with postmortem studies describing this as a time when dendritic spine density begins to decrease (Petanjek et al. 2011) . For SA, anterior clusters increased before peaking around age 14 and stabilizing. Taken together, these observations are consistent with the suggestion that CT development is protracted relative to SA (Amlien et al. 2014) . In terms of trajectories, our findings thus largely concur with previous studies showing nonlinearities or inflection points in developmental trajectories in early adolescence for volume/density (Giedd et al. 1999; Gogtay et al. 2004 ) and CT (Shaw et al. 2008; Zhou et al. 2015) , further highlighting the unique developmental features in this age range.
The relationship between white matter, functional, and anatomic connectivity is complex and incompletely understood. Several studies have shown similarities between SCNs (Alexander-Bloch, Evans 2013 ) and resting-state functional networks (Raznahan, Lerch, et al. 2011; Kelly et al. 2012; Segall et al. 2012; , suggesting that SCNs may reflect synchronized developmental changes in cortical regions (Zielinski et al. 2010; Raznahan, Lerch, et al. 2011; Alexander-Bloch, Raznahan, et al. 2013) . Functional demands of coordinated activity might synchronize plastic changes due to trophic factors or maturational development leading to anatomic covariance. In the present study, we found a similar organizational pattern between the CT modules at the two-cluster level and a proposed "dual intertwined ring" hierarchical architecture of resting-state networks (Mesmoudi et al. 2013 ). The ring architecture separates the auditory, visual, and somatomotor regions from frontal, temporal, and parietal regions responsible for cognitive processes such as attention, language, and working memory. However, at the seven-module level, we found generally weak spatial correlations between developmental modules and resting-state networks (except in limbic/orbitofrontal networks). While several studies have shown enthusiasm for the similarity between SCNs and functional networks in the cortex (Lerch et al. 2006; He et al. 2007; Chen et al. 2008 ), more recent research shows that these 2 different network measures have substantial but not complete overlap (Segall et al. 2012; Alexander-Bloch, Raznahan, et al. 2013) . Our finding of weak overlap between SA, CT, and volume developmental modules, and intrinsic connectivity networks suggests that further research is needed to better understand developmental factors that influence formation of SCNs.
Relative to other studies that have clustered regions undergoing similar changes with age to identify developmental modules Bray et al. 2015) , some similarities and differences in modular topography can be noted. Using volume trajectories of gray and white matter, Bray et al. (2015) identified anterior and posterior gray matter clusters, similar to the present findings. Alexander-Bloch et al. (2014) , on the other hand, report a set of 5 CT modules in participants aged 7-32, which bear only limited resemblance to CT clusters reported here. Similarities include the identification of a temporo-occipital cluster, and the distributed (anterior and posterior) and bilateral configuration of clusters. Although differences in methodology and age range may contribute to differences between studies, inconsistencies between these studies and previous work showing a closer relationship between maturational coupling and resting-network topography (Raznahan, Lerch, et al. 2011; Alexander-Bloch, Raznahan, et al. 2013) suggest that more work is needed to establish the validity, reproducibility, and functional relevance of cortical developmental modules.
There are a number of methodological limitations in this study to be considered. Our analysis approach implicitly assumes that inter-regional coupling is stable across ages 5-22, or stated otherwise, our approach was designed to detect stable developmental clusters across this age range. However, it is possible that patterns of inter-regional coordination in development emerge only in specific windows. Second, we used a mixed-lag longitudinal approach in which subjects were binned into smaller time windows in order to capture features of cortical development throughout childhood and adolescence. This approach reduces the number of subjects in the linear mixed models, reducing the number of longitudinal participants per age bin, reducing power (Steen et al. 2007 ). Furthermore, cerebral cortex modeling in FreeSurfer has been shown to be inadequate in the anterior temporal lobes (Mills and Tamnes 2014) . While extensive efforts were taken to fix poor surface reconstruction, this issue needs to be taken into account. Third, while we modeled effects of sex, interactions between age and sex were not included. Sexually dimorphic trajectories have been shown in gray matter development (Giedd et al. 1999; Lenroot et al. 2007; Koolschijn and Crone 2013) and may affect the topology of developmental modules. Fourth, data came from a multisite study, with differences in scan parameters between sites, potentially introducing bias in the accuracy of cortical surface reconstruction. Freesurfer has been shown to be largely reliable across scanners (Han et al. 2006; Jovicich et al. 2006) , and effects of scanner and resolution were included in vertex-wise models to mitigate these effects. Finally, the optimal number of clusters determined using a variety of criteria was 2. Thus, although clustering results at higher cluster numbers illustrate gradations in developmental trajectories, they may not represent true modules in the data.
In summary, this work describes modules of synchronized cortical development in childhood and adolescence, using measures of SA, CT, and volume, providing support for the coexistence of several organizing principles of cortical development: Functionally specific development of CT, posterior-to-anterior development of SA, and topographical effects distinguishing sulci from gyri. By modeling linear developmental change in overlapping windows, we additionally replicated a recently described accelerated cortical thinning in mid-adolescence. Despite some correspondence between CT, volume, and functional neuroanatomy, overlap with intrinsic connectivity networks was generally weak. Describing underlying organizational principles in cortical development is a foundational step in a growing area of research attempting to understand how anatomical and maturational networks are involved in development (Zielinski et al. 2010; Raznahan, Lerch, et al. 2011) , degeneration (Douaud et al. 2014) , and neuropsychiatric disorders (Seeley et al. 2009; Alexander-Bloch et al. 2014 ).
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